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(54) Optical waveguide Incorporating dispersed tunable scattering elements 



(57) A unique waveguide structure Is provided In 
which the waveguide contains individual scattering ele- 
ments that are capable of being tuned to provide local 
refractive index variations, e.g., on a nnicron scale - 
which is on the order of wavelengths typically used for 
communication system. According to the invention, the 
waveguide contains a core region (22), a cladding re- 



gion (24), and a solid or liquid material (28) having the 
tunable scattering elements dispersed therein, where 
the material is disposed within the core (22) and/or clad- 
ding (24) regions, and/or on the exterior of the cladding 
region. Useful scattering elements Include, for example, 
liquid crystals dispersed in a polymer (polymer-dis- 
persed liquid crystals - PDLC) or electrophoretic parti- 
cles dispersed in a liquid medium. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The invention relates to optical connmunlca- 
tlons system having waveguides or waveguide devices 
with tunable properties. 

Discussion of the Related Art 

[0002] As the prevalence of optical communications 
systems has Increased, numerous techniques for mod- 
ifying and/or controlling propagation of light through 
waveguides have been developed. Such techniques 
have included incorporation of photosensitive materials 
into the core of single mode optical fibers, to allow for- 
mation of periodic refractive index modulations. Such 
modulations enabled fiber Bragg gratings (FBG) as well 
as long period gratings (LPG), which have become 
widely used for a variety of applications, including re- 
flection of selected frequency bands and gain flattening. 
Continued research led to so-called microstructured fib- 
er, In which the fiber contains axlally oriented elements 
- typically capillary air holes - that provide a variety of 
useful properties such as photonic crystal characteris- 
tics, supercontinuum generation, and soliton genera- 
tion. (See, e.g., B.J. Eggleton et al., "Cladding-i\4ode- 
Resonances in Air-Silica Microstructure Optical Fibers," 
Journal of Lightwave Technoiogy , Vol. 18, No. 8 (2000); 
J.C. Knight et al., "Anomalous Dispersion in Photonic 
Crystal Fiber," IEEE Photonics Technology Letters . Vol. 
12, No. 7(2000); J. Rankaetal., "Visible continuum gen- 
eration in air-silica microstructure optical fibers with 
anomalous dispersion at 800 nm," Optics Letters , Vol. 
25, No. 1 (2000); and U.S. Patents Nos. 5,907.662 and 
6,097,870.) Such microstructured fiber also allows ad- 
justment of effective refractive index profiles to attain, 
for example, decoupling of interior cladding modes from 
the influence of the material surrounding the tiber. Com- 
binations of microstructured fiber with in-fiber gratings 
have also shown interesting results. (See, e.g., B.J. 
Eggleton et al., "Grating Resonances in Air-Silica Micro- 
structured Optical Fibers," Optics Letters , Vol. 24, No. 
21, 1460 (1999); P.S. Westbrooket al., "Cladding-Mode 
Resonances in Hybrid Polymer-Silica Microstructured 
Optical Fiber Gratings," IEEE Phot. Tech. Lett. , Vol. 1 2, 
No. 5, 495 (2000).) 

[0003] More recent efforts have focused on attaining 
real-time tunabillty of the properties of gratings and/or 
microstructured fiber. For example, in J. A. Rogers et al., 
'Temperature stabilised operation of tunable fibre grat- 
ing devices that use distributed on-fiber thin film heat- 
ers," Electronics Letters , Vol. 35, No. 23, 2052 (1999), 
the authors describe a technique for thermally tuning the 
properties of fiber Bragg gratings or long period grat- 
ings. Specifically, a thin-film resistive heater is fomied 



. on the exterior of the fiber, and electrical control is used 
to tune and stabilize the grating properties. In Jeong et 
al., "Electrically Controllable Long-Period Liquid Crystal 
Rber Gratings," IEEE Phot. Tech. Lett. . Vol. 12. No. 5, 

s 51 9 (2000), the authors describe a fiber having a liquid 
crystal-filled core. A combed electrode, i.e., an elec- 
trode having periodic gaps, is used to selectively align 
the liquid crystals at the periodic distance of the elec- 
trode. The result is essentially a long period grating ca- 

10 pable of being turned on and off (see Fig. 2 of the paper) . 
In another approach, reflected in K. Takizawaet al., "Po- 
larization-independent optical fiber modulator by use of 
polymer-dispersed liquid crystals," Applied Optics , Vol. 
37, No. 15, 3181 (1998), a ferrule, which has poiymer- 

15 dispersed liquid crystals therein, is placed between two 
fibers to provide adjustable modulation of a propagating 
signal. 

[0004] A variety of references report use of a second 
material either within a microstructured fiber or sur- 

20 rounding a fiber, where the second material is capable 
of undergoing a bulk refractive index change in re- 
sponse to external stimuli, e.g., heaL For example, in U. 
S. Patent No. 6,058,226 to Starodubov, a fiber with a 
LPG therein Is sun^ounded by a second material that un- 

25 dergoes a bulk index change in response to applied or 
encountered external stimuli. The resulting changes In 
the bulk refractive index of this second material alters 
the propagation and coupling of the core/cladding 
modes. U.S. Patent No. 5,361 ,320 to Liu et al. discloses 

30 a fiber having a liquid crystal core or cladding, similar to 
what is disclosed in Jeong et at., supra . Liu discloses 
adjusting the orientation of all the liquid crystals, by elec- 
trical control, to provide a bulk index change in the ma- 
terial, this change altering the properties of the fiber core 

35 orcladding. In A.A. Abramov et al., "Electrically Tunable 
Efficient Broad-Band Fiber Filter," IEEE Phot. Tech. 
Lett. , Vol. 1 1 , No. 4, 445 (1 999), a microstructured fiber 
having a long period grating formed therein is imbibed 
with, or surrounded by, a polymer having a temperature- 

40 sensitive index of refraction. A resistive heating film is 
formed on the exterior of the fiber, and allows tuning of 
the bulk refractive index of the polymer. By changing the 
index of the polymer, the properties of the LPG, e.g., the 
resonance wavelength, can be controlled. Co-assigned 

45 U.S. Patent No, 6,111 ,999 to Espindolaetal. uses a sim- 
ilar approach. Specifically, a fiber having a grating writ- 
ten therein is provided with one or more variable refrac- 
tive index regions. These regions contain a material 
having an adjustable bulk refractive index, such that ad- 

50 justing the Index of the regions provides a desired 
change in the properties of the grating. 
[0005] While these numerous approaches to tunable 
and/or microstructured fiber and fiber gratings exist, fur- 
ther improvements and enhancements are always de- 

55 sired. 




EP 1 213 



SUMMARY OF THE INVE^^^ON 

[0006] The invention provides a unique waveguide 
structure in which the waveguide contains individual 
scattering elements that are capable of being tuned to 5 
provide local refractive index variations, e.g., on a mi- 
cron scale - which is on the order of wavelengths typi- 
cally used for communication system. (Micron scale In- 
dicates that the individual elements provide tunabie lo- 
cal index changes covering a distance of 0.1 to 1 0 jim.) 
For example, for a system containing a source that 
launches one or more wavelengths into the waveguide, 
the scattering elements will have a size typically ranging 
from 0.1 to 10 times such wavelengths, typically 0.3 to 
3 times such wavelengths. (Generally, the tunable local is 
index changes are made on a length scale that provides 
the maximum scattering effect at the signal system's 
wavelength of interest.) 

[0007] According to the invention, the waveguide con- 
tains a core region, a cladding region, and a solid or liq- 20 
uid material having the tunable scattering elements dis- 
persed therein, where the material is disposed within the 
core and/or cladding regions, and/or on the exterior of 
the cladding region. Useful scattering elements include, 
for example, liquid crystals dispersed in a polymer (pol- 25 
ymer-dlspersed liquid crystals - PDLC) or electrophoret- 
ic particles dispersed in a liquid medium. (As used here- 
in, a material having tunable scattering elements dis- 
persed therein indicates, for example, any mixture, dis- 
persion, suspension, solution, etc. that provides a ma- 30 
terial with distinct tunable elements or regions that pro- 
vide local variation in refractive index.) 
[0008] As noted above, several groups have explored 
the use in waveguides of materials capable of having 
their refractive index varied by extemal controls. IHow- 3S 
ever, these approaches, reflected for example In U.S. 
Patent No. 6,058,226, U.S. Patent No. 5,361 ,320, A.A. 
Abramov et al., supra , and U.S. Patent No. 6,111,999, 
rely on changing the bulk refractive index of the entire 
region of the waveguide in which the material is located. 40 
By contrast, the Invention uses individual scattering el- 
ements that provide tunable local variations in the re- 
fractive index, such that the nature of the waveguide's 
scattering cross-section can be adjusted. For example, 
it is possible to tune the scattering elements such that 45 
their refractive index (as encountered by propagating 
light) is substantially matched to the s unrounding mate- 
rial in which they are dispersed. In such a case, the scat- 
tering cross-section is low. It is also possible to tune the 
scattering elements such that their refractive index is dif- so 
ferent from the surrounding material, in this case, the 
elements will induce scattering of the propagating light, 
which, as discussed below, provides some desirable ef- 
fects. 

[0009] One embodiment, which illustrates these fea- ss 
tures of the invention, is shown in Figs. 5A and 5B. The 
waveguide is a microstructured fiber having six capillary 
air holes 58 surrounding a germanium-doped silica core 




region 52, in which a long period grating 56 is formed. 
The air holes are filled with a polymer-dispersed liquid 
crystal precursor and cured to induce fomnation of PDLC 
60, i.e., phase separation and LC droplet formation. A 
thin metal film 62 is deposited on one side of the fiber, 
with wire leads attached to the film. With no current ap- 
plied, the local refractive index profile within the LC drop- 
lets varies significantly with respect to the surrounding 
polymer, i.e., the LC are at a high scattering state, which 
causes the core mode/cladding mode coupling (induced 
by the LPG) to be somewhat inhibited, if a current Is ap- 
plied to the metal film to bring the fiber temperature to 
the transition point at which the LC substantially match 
the refractive index of the sun^ounding polymer, i.e., the 
LC are at a low scattering state, the core mode/cladding 
mode coupling increases such that the LPG effects are 
increased. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0010] 

Fig. 1 illustrates tunability of polymer-dispersed liq- 
uid crystals to provide local variations in refractive 
index. 

Figs. 2A and 2B illustrate an embodiment of the in- 
vention. 

Figs. 3A and 38 illustrate an embodiment of the In- 
vention. 

Figs. 4A and 48 illustrate an embodiment of the in- 
vention. 

Figs. 5A and 58 illustrate an embodiment of the in- 
vention. 

Figs. 6A and 6B illustrate an embodiment of the in- 
vention. 

Fig. 7 illustrates an embodiment of the invention. 
Figs. 8 A to 8 E illustrate tunable scattering effects 
according to the invention. 

Figs. 9A and 98 illustrate tunable scattering effects 
according to the invention. 

Fig. 1 0 illustrates tunabie scattering effects accord- 
ing to the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0011] The scattering elements according to the in- 
vention are any element capable of being dispersed in 
a liquid or solid medium, and capable of providing tun- 
able, local refractive index variations, e.g., of being 
tuned to change the scattering cross-section encoun- 
tered by propagating light. Useful scattering elements 
include liquid crystal droplets dispersed in a polymer 
matrix (referred to as polymer-dispersed liquid crystals 
or PDLC) and electrophoretic particles. (In the case of 
electrop heretic particles, the position, rather than the 
orientation, of the scattering elements is altered to 
change the waveguide properties.) Other elements are 
also possible. 
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[0012] PDLCs are well-known in the art. (See, e.g., P. 
Drzalc, Liquid Crystal Dispersions , Ch. 4, World Scien- 
tific, River Edge (1998); K. Amundsen et al., "Morphol- 
ogy and Electro-Optic Properties of Polymer-dispersed 
Liquid-Crystal Films," Physical Review E , Vol. 55, 1 646 s 
(1 997).) A liquid-crystal mesophase of interest In the In- 
vention is the nematic phase. In which rod-like (e.g., 30 
A-iong), organic liquid-crystal molecules tend to align 
along a common direction (so-called director), while 
possessing no overall translational order. These mole- io 
cules are birefringent, having an extraordinary refractive 
index (n^) along their long axis, and ordinary refractive 
index (n^) along the orthogonal short axes, as shown in 
Fig. 1 A. Typical refractive index values are n^ — 1 .7 and 
no ~ 1 .5, although materials with lower birefringence, *5 
and lower n^, are commercially available. A dispersion 
of liquid crystal inside a polymer is typically formed by 
mixing the liquid-crystal material with a photocurable 
monomer at an appropriate volume ratio, and then cur- 
ing the monomer with UV radiation. The cross-linking of 20 
the polymer leads to phase separation, trapping the liq- 
uid crystal in droplets, the sizes of which are capable of 
being adjusted by suitable choice of volume fractions 
and curing Intensities. Typtoal liquid crystal droplet sizes 
In PDLC materials range from a few hundred nanome- 25 
ters to several microns. The separation between the 
droplets also depends on volume fraction and curing pa- 
rameters, and generally ranges from separations similar 
to droplet diameter to cases where droplets are sepa- 
rated by only very narrow polymer wails of thickness 30 
much less than droplet size. An example of a useful 
scattering configuration for the invention Is of tightly 
spaced, approximately spherical, droplets of a diameter 
of about 1 .5 (im size. 

[00131 Within a PDLC, the refractive index of the 35 
cured polymer (Op) is optionally chosen to closely match 
n^,. Illustrations of relevant molecular parameters, PDLC 
geometry, and control techniques are illustrated in Figs. 
1 B to 1 E. As reflected In Fig. 1 B, at a temperature within 
the LC nematic phase, and In the absence of an aligning 40 
electric field, the LC molecules 1 4 typically adopt a so- 
called bipolar configuration within the droplets 12. Light 
incident on the PDLCtherefore essentially sees droplets 
12 whose effective refractive index does not match that 
of the polymer matrix 10, i.e., the droplets 12 provide 45 
local variations in refractive index, resulting in relatively 
high scattering. By raising the temperature to bring the 
LC 14 Into their isotropic phase, shown in Fig. 1C, the 
effective index of the LC material 14 within the droplets 
12 is brought much closer to np. Therefore, the PDLC so 
material is made less scattering and more transparent. 
[0014] A similar effect, reflected in Figs. 10 and IE, 
is possible by applying an aligning electric field across 
the PDLC while the liquid crystals 14 are still In the 
nematic phase. The anisotropic susceptibility of the LC 55 
molecules 14 causes the director to align with the field. 
As shown in Fig. ID, with no electric field, and the LC 
in their nematic phase, incident light encounters a rela- 




tively highly scattering cross-section. If an electric field 
is applied as shown in Fig. IE, light Incident onto the 
PDLC parallel to the electric field sees a droplet 1 2 with 
a refractive Index of n^i whteh matches the index of the 
polymer 1 0. It should be noted that the index match due 
to an electric field is only ideal in the nonmal-incidence 
direction, since the LC material remains birefringent Al- 
so, in the case of an electric field above threshold, but 
below saturation, a partial reorientation of molecules oc- 
curs, and therefore a partial re-tuning of the effective 
droplet refractive Index. However, by applying an elec- 
tric field to a sample elevated to a higher temperature 
within ttie nematic phase, the LC viscosity decreases, 
resulting in lower reorientation fields and faster LC 
switching times. For this reasons, a combination of elec- 
trical and thermal switching is a useful technique. In ad- 
dition, LC materials also possess an anisotropy in mag- 
netic susceptibility, so analogous molecular tuning and 
reorientation may be accomplished by appropriate mag- 
netic field switching. Another externa! variable capable 
of tuning devices of the invention is pressure, because 
the scattering cross section is a function of applied pres- 
sure for the PDLC materials. 

[001 5] it is possible to pertonn the switching function 
using a variety of techniques. Beyond simply changing 
the ambient thermal environment of the fiber, it Is pos- 
sible to deposit thin layers of patterned metal onto an 
optical fiber's outer cladding or jacket surface. Applica- 
tion of a current through such a metallic layer leads to 
resistive heating, rapidly raising the fiber's temperature, 
e.g., switching times on the order of 1 second for fiber 
temperature changes of —lOO^C. Complex configura- 
tions of pattemed electrodes is possible, e.g., by printing 
several electrodes at different azimuthal positions 
around the fiber. Such complex arrangements make 
possible simultaneous themnal and electrical switching, 
with one electrode setting the fiber temperature, and 
others providing an external aligning field. It is also pos- 
sible to incorporate electrodes directiy within the fiber 
body, suitable for heating, electric field application, or 
both. See, e.g., W. Xu, "Evidence of Space-Charge Ef- 
fects in Thennal Poling," IEEE Phot. Tech. Lett. . Vol. 1 1 , 
No. 10, 1265 (1999). Another potential electrode geom- 
etry capable of being combined with on-fiber heating is 
to confine the relevant segment of fiber between two 
tightly-spaced planar electrodes. Other suitable config- 
urations will be apparent to one skilled in the art. 
[0016] Uses of electrophoretic particles. In suspen- 
sion, are known in the art. Where an electrophoretic dis- 
persion is utilized as the tunable scattering agent in the 
invention, a useful configuration is imbibing the suspen- 
sion into one or more axlally-oriented air channels run- 
ning through the cladding of a microstmctured fiber. The 
suspension contains suspended particles of approxi- 
mately spherical shape, and of a size which gives the 
maximum scattering effect at the principal wavelength 
of the transmission system. These particles are able to 
be moved within the host liquid under the action of an 
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applied electric field. By applying a field of suitable mag- 
nitude and polarity across the filled channel, It is possi* 
ble to induce the suspended particles to cluster, for ex- 
ample, near the cavity surface farthest from the fiber 
core, or along the surface nearest the fiber core. In the s 
former configuration, the scattering particles would have 
a relatively weak effect on light propagating In the fiber's 
core mode, as the overiap of the core mode intensity 
with these particles located far from the core is low. In 
the latter configuration, where these high scattering 
cross-section particles are brought toward the fiber 
core, and therefore into more effective overiap with the 
Intensity profile of the core mode, the propagating light 
will experience more significant scattering. It is thereby 
possible to switch between low and high scattering ef- 
fects Imposed upon light propagating in the fiber. A sim- 
ilar principle allows ordering of the particles In a manner 
that provides Bragg or long-period gratings In the core. 
For example, the necessary electric field could be im- 
posed by planar electrodes directly adjacent to the fiber 
cladding, or between an extemal electrode and a metal 
cylindrical electrode running axlally within the fiber, or 
between electrodes deposited as thin metal strips on op- 
posite sides of the fiber cladding. 
[0017] As noted above, the material containing the 
tunable scattering elements is capable of being dis- 
posed within a core region, within a cladding region, or 
on a cladding region of a waveguide, or any combination 
of the three. For example. Figs. 2A and 2B show a micro- 
structured optical fiber 20 having a core region 22 and 
a cladding region 24. (Fig. 28 shows the cross-section 
at a-a*.) The cladding region 24 contains six capillary 
regions 26 that have been f 11 led with a material 28 having 
scattering elements dispersed therein. Figs. 3A and 38 
show a mlcrostructured optical fiber 30 having a core 
region 32 and a cladding region 34. (Fig. 3B shows the 
cross-section at b-b*.) The cladding region 34 contains 
two capillary regions 36 that have been filled with a ma- 
terial 38 having scattering elements dispersed therein. 
Figs. 4A and 48 show a non-mlcrostructured fiber hav- 
ing a core region 42 and a cladding region 44, with a 
material 46 having scattering elements dispersed there- 
in fomried on the outside of the cladding region 44. (Fig. 
48 shows the cross-section at c-c'.) More specific em- 
bodiments are discussed below. (For convenience, the 
invention is described using optical fibers as the 
waveguide, but the guidelines provided are similarly ap- 
plicable to other waveguides, e.g., planar waveguides.) 
Unlike some of the art cited above, the material does 
not simply undergo a bulk refractive index change 
throughout (although it may incur some bulk index 
changes), but undergoes a change in the scattering 
cross-section. Specificaily, the refractive index profile 
seen by light propagating through the waveguide chang- 
es locally, e.g., on a micron-scale. These local changes 
essentially alter the scattering cross-section of the 
waveguide, leading to controllable adjustments in the 
waveguide's properties. 



[0018] An embodiment of the invention useful with 
long period gratings is reflected in Figs. 5A and SB, with 
Fig. 5B showing a cross-section at d-d'. LPGs. as dis- 
cussed for example in co-assigned U.S. Patent No. 
5,999,671 to Jin et al., have a variety of refractive index 
perturbations spaced at a period that is large relative to 
the wavelength of the propagating light. LPGs selective- 
ly remove light at specific wavelengths by converting the 
light at those wavelengths from a guided mode to a non- 
guided mode (e.g., from a core mode to a cladding 
mode). LPGs are therefore useful as filtering and spec- 
tral shaping devices in a variety of applications. One par- 
ticular use is flattening the gain provided by amplifiers 
used In wavelength-division multiplexing (WDM) sys- 
tems. Specifically, the gain profile provided by amplifiers 
such as erbium-doped amplifiers tends to produce un- 
even signal amplitudes for different channels of the 
WDM system. LPGs are able to flatten the gain profile 
by de-coupling from the core some of the power of wave- 
lengths that lie at the gain peaks. 
[0019] According to this embodiment, a mlcrostruc- 
tured fiber 50 Is provided having a core region 52 (e.g., 
a genrtanium-doped core 1 0 ^m in diameter), a cladding 
region 54 (e.g., having an outer diameter of 125 pm), 
and six capillary air holes 58 (e.g., each about 40 \vm in 
diameter) that fomri a ring (e.g.. around a silica region 
about 32 \im in diameter). A long-period grating 56 is 
formed In the fiber, e.g., by deuterium-loading the fiber 
and then exposing the fiber to UV light through a suitable 
mask, as known in the art. A typical LPG has a period 
of 550 ^m, with a refractive index modulation of about 
1 0^, over a 4-cm section of fiber. 
[0020] The fiber is then vacuum-imbibed with a PDLC 
precursor material. A useful PDLC precursor material Is 
an 80:20 volume ratio mixture of Merck Tl-205 liquid 
crystal with Merck PN393 prepolymer fluid. Other com- 
mercially available or custom-synthesized mixtures are 
capable of achieving different n^, n^, and nisotropic index 
values within the liquid-crystal and PDLC mixture, and 
such mixtures are capable of being designed by one 
skilled in the art. After Imbibing, the PDLC material Is 
generally exposed under UV light, e.g., 365 nm, to pro- 
vide phase separation and LC droplet fomnatlon, i.e., to 
provide the PDLC material 60. The UV exposure is ad- 
vantageously symmetric to provide a relatively tight dis- 
tribution of LC-droplet sizes throughout the imbibed 
channels in the fiber. A typical irradiance is 5 mW/cm2, 
with adjustments possible as necessary to generate dif- 
ferent mean droplet sizes. 

[0021 ] After the PDLC cure, a thin metal film 62 is de- 
posited on one side of the fiber via electron beam evap- 
oration. A useful metal is gold, e.g., 20 nm thick, on top 
of a titanium adhesion layer, e.g., 2 nm thick, although 
a variety of metals and thicknesses are possible. Wire 
leads (not shown) are attached to the metal electrode, 
e.g., by use of conductive epoxy, and the whole fiber 
unit is generally placed into a housing to shield it me- 
chanically and from ambient air currents that tend to 
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destabilize thermal addressing. 
[0022] As discussed above, by applying an appropri- 
ate current through the thin film electrode 62, it is pos- 
sible to bring the fiber temperature up above the nemat- 
Ic-isotropic transition temperature of the liquid crystal In 5 
the PDLC-fllled channels. As this occurs, the scattering 
cross-section of the PDLC decreases, i.e., the refractive 
index of the LC droplets more closely matches the Index 
of the surrounding polymer, and the core mode/cladding 
mode coupling induced by the LPG is enhanced. In the 
absence of a applied current, the PDLC material, held 
within the nematic phase window, tends to induce more 
scattering and thereby inhibits the core mode/cladding 
mode coupling. The optical fiber device of this embodi- 
ment therefore allows switchable suppression of core 
mode coupling into cladding modes. The device is use- 
ful, for example, as a tunable In-fiber attenuator, with 
such attenuating characteristics useful as an active gain 
flattening filter for erbium-doped fiber amplifiers. 
[0023] Another embodiment of the invention is shown 
in Figs. 6A and 6B, with Fig. 6B being a cross-section 
at e-e*. This embodiment is useful with blazed Bragg 
gratings. In a blazed grating, the strlatlons are tilted from 
the normal to the fiber axis. Blazed gratings are typically 
used as taps in a variety of optical systems, in that they 
act to decouple guided modes to non-guided modes, e. 
g., to tap a portion of propagating light from a fiber. 
Blazed gratings find particular use in spectrometers 
used for monitoring channels in WDM systems. See, e. 
g., co-assigned U.S. Patents Nos. 5,850,302 and 
6,002,822. In some embodiments of such systems, it is 
useful or necessary to blocic the tapped light from reach- 
ing a detector, and the embodiment of Figs. 6A and 6B 
provides a shutter to perfonn this function. 
[0024] According to this embodiment, a microstruc- 
tured optical fiber 70 is provided, the fiber 70 having a 
core region 72 (e.g., a gennanium-doped core 10 p.m in 
diameter), a cladding region 74 (e.g., having an outer 
diameter of 125 ^.m), and a single capillary air hole 78 
(e.g., about 40 pm in diameter) that Is offset (e.g., about 
1 0 \im) from the center of the fiber 70. A blazed grating 
76 Is formed by conventional techniques, e.g., by deu- 
terium-loading the fiber and then exposing the fiber to 
UV light through a suitable mask. 
[0025] The air hole in the fiber is then vacuum-Im- 
bibed with PDLC precursor material, and the precursor 
is then cured to form the PDLC 80, using techniques 
such as discussed above. And a thin film of metal 82 Is 
formed on a lower region of the fiber, again using a tech- 
nique such as discussed above. By applying an appro- 
priate current through the gold electrode coating the fib- 
er, the fiber temperature can be brought up above the 
nematlc-isotropic transition temperature of the liquid 
crystal in the PDLC-filied channel. As this occurs, the 
scattering cross-section of the PDLC decreases mark- 
edly, and the light decoupled from a core mode to a clad- 
ding mode Is able to travel to the outside of the fiber, 
where monitoring optics are often placed. In the ab- 



sence of a applied cuaent, the high scattering of PDLC 
within the nematic phase window inhibits the penetra- 
tion of the blazed grating-generated radiation through 
the filled channel. This optical fiber device therefore pro- 
vides switchable suppression of radiation modes prop- 
agating outward from the core of an optical fiber Into 
which a blazed grating has been written, which, as noted 
above, is useful in optical channel monitors used in 
WDM systems. 

[0026] A further embodiment of the invention is shown 
In Fig. 7. A microstructured fiber 90 is provided, the fiber 
90 having a core region 92 and a cladding region 94. 
The core region 92 contains a hollow air channel 98 (e. 
g., about 8 (im in diameter) and typically a surrounding 
germanium-doped region (e.g., such that the overall di- 
ameter of the core region is about 1 4 jxm). A fiber Bragg 
grating or LPG is capable of being formed in the core 
region, by techniques such as described above. The air 
channel in the fiber core is vacuum-imbibed with PDLC 
precursor material, the precursor is cured, and a thin film 
electrode 1 00 Is f omied on at least a portion of the fiber's 
exterior. The choice of PDLC material, U V curing regime 
and electrode coating of the fiber are as discussed 
above. 

[0027] As with the above embodiments, by applying 
an appropriate current through the electrode 1 00, It is 
possible to bring the fiber 90 temperature above the 
nematic-isotropic transition temperature of the liquid 
crystal in the PDLC-fllled channel. As this transition oc- 
curs, the scattering cross-section of the PDLC decreas- 
es, i.e., the LC droplets take on an effective refractive 
index substantially the same as the surrounding poly- 
mer, and the light propagating from an adjacent fiber 
section or an adjacent device Is able to readily couple 
into the core region 92. By contrast, In the absence of a 
applied current, the high scattering induced In the 
nematic phase window will inhibit the coupling of the in- 
coming light into the core region 92. It is thereby possible 
to achieve switchable suppression of coupling in to the 
core mode of a fiber, making the device of this embod- 
iment useful as a broadband adjustable in-fiber filter. 
[0028] A variety of fiber materials, designs, and con- 
figurations are possible In the Invention, and will depend 
on the particular application. For example, it is possible 
to configure the axially oriented elements to provide 
photonic crystal characteristics. Similarly, as noted 
above, a variety of materials having scattering elements 
dispersed therein is possible, in addition, it is possible 
to control the concentration/profile of the elements In 
certain regions of the material (either by extemal manip- 
ulation after filling or by particular filling techniques), e. 
g,, such that the material having scattering elements dis- 
persed therein exhibits a periodic variation, or a partic- 
ular gradient, along the propagation direction, i.e., the 
scattering cross-section varies along the propagation di- 
rection. Also, as noted above, a variety of control tech- 
niques are possible, in addition to the temperature con- 
trol discussed In the above embodiments. 
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[0029] The invention will be further clarified by the foi> 
lowing examples, which are Intended to be exemplary. 

Example 1 

[0030] A silica microstructured fiber was obtained, the 
fiber having six capillary air holes, each about 40 p.m in 
diameter, arranged in a ring. PDLC precursor was ob- 
tained by mixing a multicomponent nematic liquid crys- 
tal (TL205, made by Merck, available from EM Indus- 
tries, New York USA) with a UV-curable monomer plus 
initiator (PN393, available from Merck, New Jersey 
USA), In a weight ratio of 80% TL205 to 20% PN393 
(due to the densities of these materials, this con^e- 
sponds to an approximately 80:20 volume ratio, respec- 
tively). A cleaved end of the fiber, with the polymer jacket 
having been stripped, was immersed in the mixed PDLC 
precursor fluid, and the fluid was imbibed into the micro- 
structure channels with the aid of a vacuum line con- 
nected on the other end of the fiber. Afler filling with the 
precursor, the fiber was placed between two 365 nm UV 
tamps, each with an output of ^5 mW/cm^, and irradi- 
ated for about 50 minutes to provide a substantially full 
cure and phase separation of the LC and polymer com- 
ponents. Confocal microscope images of PDLC sam- 
ples created by this process Indicated liquid crystal 
droplet sizes in the range of 1-2 jim. 
[0031] After PDLC curing, an approximately 200 nm 
thick layer of gold was evaporation -deposited on a 2 nm 
titanium adhesion layer one side of the fiber Electrode 
contacts were made by silver-epoxying thin wires onto 
the gold layer approximately 4 cm apart, giving a meas- 
ured resistance across the gold of about 30 ohms. The 
gold-coated section of the PDLC fiber was placed on top 
of a microscope stage, inside a glass housing designed 
to shield it from ambient air cun-ents. The fiber was Im- 
aged at 20x magnification under crossed polarizers, 
with polarizer orientation chosen to minimize the effect 
of the inherent fiber glass birefringence. By applying a 
known current across the relevant section of filled fiber, 
and simultaneously measuring the fiber resistance (us- 
ing a Keithley 2400 Sourcemeter), it was possible to 
monitor the degree of birefringence and scattering in the 
PDLC-filled region as a function of fiber temperature 
(using a resistance to temperature conversion). A series 
of images under the crossed polarizers is shown in Figs. 
8A to 8E. Figs. 8A, 8B, 8C, 8D, and 8E illustrate, respec- 
tively, temperatures of 25**C, SS^C, 79''C, 82*C, and 
85^C. As the fiber was brought above the liquid-crystal 
nematlc-lsotropic transition, whteh was about SS^'C, the 
field of view (Fig. 8E) tumed completely black, indicating 
the transition to an isotropic and, for this PDLC, a less- 
scattering configuration inside the fiber channels. 
[0032] Under the crossed polarizers, the reduction in 
scattering can be inferred because of the better index 
match known to occur between the polymer and LC 
droplets above Tfg,, as represented in Fig. 1 B. A more 
direct view of this match is shown by Figs. 9A and 9B, 




which show a fiber filled as described above, but without 
a gold electrode (which inhibited viewing). The fiber was 
instead placed on a hot stage, with uncrossed polariz- 
ers. Fig. 9A shows the fiber at a temperature below the 
5 transition temperature of dS^'C, and Fig. 9B shows the 
fiber at a temperature above 85°G. A significant lighten- 
ing of the fiber is seen In Fig. 9B. 

Example 2 

10 

[0033] A fiber having PDLC-filled air holes was 
formed according to Example 1. After curing of the 
PDLC precursor, the fiber was confined between two 
6-mil thick glass pieces, each coated on Its fiber-fadng 

IS side with about 20 nm of gold over a titanium adhesion 
layer. This assembly was placed on a microscope stage 
and viewed at 20x magnification under crossed polariz- 
ers as an electric field was applied. With afield of rough- 
ly 1.2 V/jim applied, greater light throughput was ob- 

20 served in the PDLC-filled regions. This corresponded to 
partial liquid-crystal reorientation, decreasing the over- 
all scattering cross section, and increasing light trans- 
mission. Because the LC material remains birefringent 
In this experiment, the net result of the reduced scatter- 

25 ing and increased throughput of light is a brighter image 
seen through crossed polarizers, as observed. 

Example 3 

30 [0034] A mixture of liquid crystal (E7, obtained from 
Merck, New Jersey USA) and UV-curable polymer (type 
"65", obtained from Norland, NJ, USA) was made. The 
specific weight ratio used was 65% E7 to 35% Norland 
65. The PDLC precursor was imbibed between two in- 

35 dium tin oxide-coated (ITO) glass plates. The spacing 
between the ITO glass plates was about 15 microns, as 
provided by glass spacers. Phase separation of the liq- 
uid crystal into droplets within the polymer was achieved 
by exposing the cell to UV radiation. 

40 [0035] A reference level of reflected light was deter- 
mined as follows: Light from a broadband source was 
coupled Into an opttoal fiber, directed out of the fiber 
through a collimating lens, and bounced off a mirror 
placed flat on top of a hot stage. The reflected light was 

45 collected by a second lens/fiber unit, and was directed 
into a near-infrared, PC-based spectrometer from Con- 
trol Development. The measurement of the light bounc- 
ing directly off the mirror was taken as the reference lev- 
el (i.e. 100%, orOdB). 

50 [0036] The PDLC cell was then placed on top of the 
mirror, such that the cell's temperature could be raised 
by adjusting the output of the underlying hot stage. The 
light from the broadband source was similarly directed 
at the PDLC cell in two situations: (a) the PDLC cell at 

55 room temperature, with the LC in the nematic phase, 
and (b) the cell heated above SS^'C, which is the nematic 
to isotropic transition temperature (T|^|) for the E7 liquid 
crystal. Fig. 9 shows the results for T < T^j and T > T|si|. 
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As described above when the liquid crystal is in the 
nematic phase, local refractive index variations are ex- 
perienced by light traveling through the PDLC, causing 
strong scattering. In this example, light incident onto the 
PDLC cell while the temperature was in the nematic 
phase region was unable to reflect off the mln-or and into 
the collection optics, as shown by the low level of signal 
intensity in Fig. 9. Above Tni, the liquid crystal loses Its 
birefringence, and the refractive index in the PDLC is 
substantially unifonm. As shown in the top curve in Fig. 
9» much more light was therefore able to be reflected by 
the min'or under the PDLC cell. In particular, at 1 .55 ^m, 
a wavelength of particular Importance in optical fiber 
communications, there is an approximately 15 dB in- 
crease in transmitted light intensity that occurs when the 
liquid crystal is heated above T|sj|. This effect was due 
to the reduction of the scattering cross section in the 
sample. Although there is a small buli< refractive index 
change associated with heating of the polymer and liq- 
uid crystal, such a bulk index change would not itself 
alter the amount of light transmitted by the PDLC cell in 
such a significant fashion. 

[0037] Other embodiments of the invention will be ap- 
parent to those skilled in the art from consideration of 
the specification and practice of the invention disclosed 
herein. 



Claims 

1 . An article comprising a waveguide that comprises 
a core region , a cladding region, and a solid or liquid 
material having tunable scattering elements dis- 
persed therein, the material disposed at one or 
more locations selected from within the core region, 
within the cladding region, and on the exterior of the 
cladding region, wherein the tunable scattering el- 
ements are capable of being man ipulated to provide 
local refractive index variations on a micron scale. 

2. The artk;ie of claim 1 , wherein the waveguide is an 
optical fiber. 

3. The article of claim 2, wherein the optk;ai fiber is a 
microstructured fiber having one or more axially ori- 
ented elements fomned therein. 

4. The article of claim 3, wherein the material having 
tunable scattering elements dispersed therein is 
disposed In at least one of the one or more axially 
oriented elements. 

5. The article of claim 4, wherein the material having 
tunable scattering elements dispersed therein com- 
prises polymer-dispersed liquid crystal. 

6. The article of claim 4, wherein the material having 
tunable scattering elements dispersed therein com- 



prises electrop heretic particles in a liquid medium. 

7. The article of claim 1 , wherein the core region com- 
prises a photosensitive material such that refractive 

5 index modulations are capable of being written into 
the core region. 

8. The article of claim 1 , wherein the core region com- 
prises a grating element. 

10 

9. TTie article of claim 8, wherein the grating element 
Is a Bragg grating or a long period grating. 

10. The article of claim 8, wherein the length of the 
t5 waveguide in which the grating element is located 

comprises at least part of the material having tuna- 
ble scattering elements dispersed therein. 

11. The article of claim 1 , wherein the material having 
20 tunable scattering elements dispersed therein com- 
prises polymer- dispersed liquid crystal. 

12. The article of claim 4, wherein the axially oriented 
elements are configured to provide photonk: crystal 

25 characteristics. 

13. The article of claim 8, wherein the grating element 
couples propagating core modes into cladding 
modes, and wherein at least one of the axially ori- 

30 ented elements comprising the material having tun- 
able scattering elements dispersed therein is con- 
figured such that tuning the scattering elements af- 
fects the extent of the coupling. 

35 14. The article of claim 8, wherein the grating element 
is a blazed Bragg grating that taps light from prop- 
agating core modes, and wherein at least one of the 
axially oriented elements comprising the material 
having tunable scattering elements dispersed 

40 therein Is configured such that tuning the scattering 
elements affects the amount of tapped light that ex- 
its the cladding region of the waveguide. 

15. The article of claim 1 , wherein at least a portion of 
45 the waveguide comprising the material having scat- 
tering elements dispersed therein exhibits or is ca- 
pable of exhibiting a periodic variation in the scat- 
tering cross-section along the direction of propaga- 
tion. 

so 

16. The article of claim 1 , wherein at least a portion of 
the waveguide comprising the material having scat- 
tering elements dispersed therein exhibits or is ca- 
pable of exhibiting a gradient in the scattering cross- 
es section along the direction of propagation. 

17. The article of claim 1, wherein the local refractive 
index variation provided by the scattering elements 
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is controlled by at least one parameter selected 
from the group consisting of electric field, tempera- 
ture, magnetic field, and pressure. 

18. A system comprising: s 

a source, and a waveguide transmissively cou- 
pled to the source, 

wherein the source launches one or more 
wavelengths of light into the waveguide, 

wherein the waveguide comprises a core re- 
gion, a cladding region, and a solid or liquid material 
having tunable scattering elements dispersed 
therein, 

wherein the material Is disposed at one or 
more locations selected from within the core region, 
within the cladding region, and on the exterior of the 
cladding region, and 

wherein the tunable scattering elements have 
an average size about 0.1 to about 10 times the 
mean wavelength of the launched light. 

19. The system of claim 18, wherein the tunable scat- 
tering elements have an average size about 0.3 to 2s 
about 3 times the mean wavelength of the launched 
light. 
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